Predicting the retreat of tidewater outlet glaciers forms a major obstacle to forecasting the rate of 10 mass loss from the Greenland Ice Sheet. This reflects the challenges of modelling the highly dynamic, 11 topographically complex and data poor environment of the glacier-fjord systems that link the ice 12 sheet to the ocean. To avoid these difficulties, we investigate the extent to which tidewater glacier 13 retreat can be explained by simple variables: air temperature, meltwater runoff, ocean temperature, 14 and two simple parameterisations of 'ocean/atmosphere' forcing based on the combined influence 15 of runoff and ocean temperature. Over a 20-year period at 10 large tidewater outlet glaciers along 16 the east coast of Greenland, we find that ocean/atmosphere forcing can explain up to 76 % of the 17 tidewater glacier retreat can be explained as a predictable response to combined atmospheric and 30 oceanic warming, bringing us closer to incorporating these effects into the ice sheet models used to 31 predict sea level rise. 32
variability in terminus position at individual glaciers and 54 % of variation in terminus position across 18 all 10 glaciers. Our findings indicate that 1) the retreat of east Greenland's tidewater glaciers is best 19 explained as a product of both oceanic and atmospheric warming and 2) despite the complexity of 20 tidewater glacier behaviour, over multi-year time scales a significant proportion of terminus position 21 change can be explained as a simple function of this forcing. These findings thus demonstrate that 22 simple parameterisations can play an important role in predicting the response of the ice sheet to 23 future climate warming. 24
Significance statement 25
Mass loss from the Greenland Ice Sheet is expected to be a major contributor to 21 st Century sea 26 level rise, but projections retain substantial uncertainty due to the challenges of modelling the 27 retreat of the tidewater outlet glaciers that drain from the ice sheet into the ocean. Despite the 28 complexity of these glacier-fjord systems, we find that over a 20-year period much of the observed 29
Introduction 33
Loss of mass from tidewater glaciers to the ocean through iceberg calving and submarine melting is a 34 major component of the mass budget of the Greenland Ice Sheet (GrIS). The contribution of this 35 frontal ablation to ice sheet mass balance can vary dramatically on short timescales: increased 36 frontal ablation was responsible for 39 % of GrIS mass loss from 1991-2015 (van den Broeke et al., 37 2017), and accounted for as much as two thirds of GrIS mass loss during a phase of rapid retreat, 38 acceleration and thinning of outlet glaciers between 2000-05 (Rignot and Kanagaratnam, 2006) . 39
Understanding the controls on frontal ablation is thus crucial if its contribution to the mass budget 40 of the GrIS is to be predicted by models (e.g. Nick et al., 2013) . 41
Frontal ablation and tidewater glacier retreat are closely interlinked -if ice loss at the terminus is 42 more rapid than the delivery of ice from up-glacier, the terminus will retreat. A leading hypothesis 43 attributes the recent rapid retreat of many of Greenland's tidewater glaciers to an increase in 44 submarine melting, and consequently calving, in response to oceanic warming (e.g. Straneo and 45 Heimbach, 2013). Alternatively, retreat may have been driven by increasing surface melt, with 46 meltwater runoff draining through glaciers and entering fjords at depth to form buoyant plumes 47 which enhance submarine melting at glacier termini (e.g. Jenkins, 2011 , Fried et al., 2015 . It has also 48 been suggested that increased surface melt and runoff may accelerate calving through 49 hydrofracturing of near-terminus crevasses (e.g. Nick et al., 2013) , or by increasing basal water 50 pressure and hence basal motion (e.g. Sugiyama et al., 2011) . A third hypothesis links retreat to 51 increased calving rates following a reduction in terminus buttressing by ice mélange and land-fast 52 sea ice (e.g. Christoffersen et al., 2012 , Moon et al., 2015 . In most cases however, it has not proven 53 possible to attribute observed variability in terminus position to a particular cause, especially when 54 multiple glaciers are considered (e.g. McFadden et al., 2011 , Bevan et al., 2012 , Carr et al., 2013 Moon et al., 2015, Murray et al., 2015) . 56
The lack of a clear relationship between observed tidewater glacier retreat and changing 57 environmental conditions presents a significant issue for modelling studies which seek to predict 58 mass loss from the GrIS under a warming climate (e.g. Goelzer et al., 2013 , Fürst et al., 2015 . One 59 challenge in establishing a causal relationship between environmental forcings and tidewater glacier 60 retreat is that at the scale of individual glaciers these relationships often appear highly nonlinear, 61 with feedbacks triggered as the terminus retreats across uneven bed topography obscuring the 62 forcing driving the initial retreat (e.g. Vieli et al., 2002) . This difficulty is compounded by a poor 63 understanding of the oceanic forcing of these glaciers, due both to the scarcity of observations and 64 the complexities of calving and submarine melt processes at glacier termini (Straneo et al., 2013) . A further issue is that accurately representing these processes in ice sheet and ocean models would 66 require model resolution and a knowledge of boundary conditions that lies beyond current 67 capabilities (Benn et al., 2017) . 68
In this paper, we seek to address these challenges to improve our understanding of the retreat of 69
Greenland's tidewater glaciers on timescales relevant to predictions of mass loss over coming 70 decades. We focus our study on 10 tidewater glaciers along Greenland's east coast of varying size 71 and spanning > 10° of latitude (Table S1; Figure 1 ). Over a 20-year period (1993-2012) we compare 72 the observed pattern and rate of retreat with variability in five environmental forcings, assessing the 73 ability of these forcings to explain variability in the terminus position (P) of the study glaciers, both 74 individually and collectively. These forcings comprise near-terminus air temperature (TA), glacier 75 meltwater runoff (Q), ocean temperature (TO) and two parameterisations of combined 76 'ocean/atmosphere' forcing (M1 and M2). These ocean/atmosphere forcing parameterisations reflect 77 the theory that frontal ablation will depend not only on ocean temperature but also runoff due to its 78 role in stimulating buoyant upwelling adjacent to the terminus (e.g. Jenkins, 2011, Chauché et al., 79 2014) and driving the renewal of warm water in the fjord (e.g. Cowton et al., 2016 , Carroll et al., 80 2017 , thereby increasing the transfer of heat between the ocean and ice. To represent this 81 combined ocean/atmosphere forcing we define M1 = Q(TO-Tf) and M2 = Q 1/3 (TO-Tf). In these 82 parameterisations, ocean temperature is expressed relative to the in situ freezing point at the 83 calving front, approximated as Tf = -2.13 °C based on a depth of 300 m and salinity of 34.5 psu (e.g. 84 Straneo et al., 2012) . M1 is thus a simple product of runoff and the oceanic heat available for 85 melting, while the addition of the exponent to the formulation for M2 is based on the expectation 86 that submarine melt rate will scale linearly with temperature and with runoff raised to the power of 87 1/3 (Jenkins, 2011) . 88
Results 89
Time series of variability in TA, Q, TO and P for each of the study glaciers are plotted in Figure 2 Table S2 ) for both the individual glaciers and 103 regional trends. Because the time series involved are non-stationary, there is however an increased 104 risk of spurious correlations resulting from similar long-term trends in the forcing and response 105 variables existing over the study period (Granger and Newbold, 1974) . We therefore run an Granger test for cointegration (Engle and Granger, 1987) , which facilitates statistical comparison 107 between two (or more) non-stationary time series showing stochastic trends (Methods). We find 108 that P is significantly cointegrated (p < 0.05) with Q and M1 at all of the southern study glaciers, with 109 TA and TO at Mogens 3 (M3), AP Bernstorffs Glacier (AB) and Helheim Glacier (HG), and with M2 at AB 110 and HG ( Figure 4 , Table S2 ). Cointegration indicates a temporally-constant functional relationship, 111 meaning that these results support the existence of causal relationships between P and the 112 environmental forcings. However, because the forcings demonstrate similar temporal variability to 113 each other, determining which (if any) is the key control on terminus position from this analysis 114 alone remains difficult. 115
The results are qualitatively similar at the northern glaciers, which show a brief retreat during a 116 phase of higher TA, Q and TO (and thus also M1 and M2) between ~1994-1995, then a slight re-117 advance, before embarking on a more sustained retreat in keeping with the increase in the forcings 118 after ~2001 (Figure 3g -l). The statistical significance of these trends is however weaker at the 119 northern glaciers ( Figure 4 and Table S2 ), with significant cointegration of P with all forcings at 120 Daugaard-Jensen Glacier (DJ) and with M1 and M2 at Waltershausen Glacier (WG). This may be due 121 in part to the smaller absolute variability in the time series at the northern glaciers, increasing the 122 magnitude of short-term noise relative to the long-term trends (Figures 2 and 3 ). Nevertheless, clear 123 similarities appear between the variability in the forcings in P when the normalised data from the 124 northern glaciers are combined to show the regional trends ( Figure 3l ). Correlation of the individual 125 forcings and P for the combined northern glaciers data sets give R 2 values of 0.51-0.63 (significant at 126 p < 0.01, Figure 4 , Table S2 ); however, only M1 is significantly cointegrated with P at p < 0.05. 127
This analysis indicates that, despite the complexities introduced by bed topography and ice 128 dynamics, over timescales of a few years or more many individual glaciers display a largely linear 129 response to environmental forcings. This is particularly apparent at the southern glaciers, where 130 both the increase in forcings and glacier retreat have been more pronounced (Figures 2 and 3) . 131 However, because at this level P demonstrates strong correlations with multiple forcings, it remains 132 unclear whether this retreat has been driven primarily by warming of the atmosphere, ocean, or 133 both. To gain further insight, we therefore examine variation in glacier retreat across all 10 study 134
glaciers. 135
Any environmental control on P should also be able to explain variation in retreat rate between 136 glaciers. In particular, the absolute magnitude of retreat is consistently lower at the northern 137 compared to the southern glaciers (with the standard deviation in P at the northern glaciers just 17 138 % of that exhibited at the southern glaciers), a trend which remains true for an expanded sample of 139 32 of east Greenland's tidewater glaciers (Seale et al., 2011) . When the absolute variability at all 140 glaciers is considered together, there is a significant (p < 0.01) correlation of P with Q ( Figure 5a ; R 2 = 141 0.40), TO (Figure 5b ; R 2 = 0.36) and TA (Figure 5a ; R 2 = 0.21). However, while TA, Q and TO are all 142 typically higher at the southern than the northern glaciers, the latitudinal difference in the 143 magnitude of the variability is less marked compared to that in P: the standard deviation in Q, TO and 144 TA at the northern glaciers is 60, 74 and 93 % respectively of the standard deviation at the southern 145 glaciers. The implication is that for a given change in these forcings, the southern glaciers have 146 responded more sensitively than the northern glaciers. Combining Q and T to create M1 and M2 147 increases the latitudinal gradient in the forcings to give better agreement with that observed in P, 148 with the standard deviation in both M1 and M2 at the northern glaciers 36 % of that exhibited at the 149 southern glaciers. Combined with a good correlation at the glacier level ( Figure 4 ), this helps to 150 strengthen the correlation of P with M1 ( Figure 5c ; R 2 = 0.54), and to a lesser extent the slightly more 151 complex ocean/atmosphere forcing parameter M2 (Figure 5d ; R 2 = 0.45). 152
We additionally test the ability of the environmental forcings to explain only the inter-glacier 153 variability in long-term retreat rate, a property of arguably greater importance than the year-to-year 154 variability from the perspective of predicting future ice sheet mass loss. To examine this, we 155 compare the overall retreat of each glacier (defined as the difference between the mean values from Table S3 ). There is no significant correlation between the 159 magnitude of the overall change in P and TA and Q at p < 0.05, with the northern glaciers again 160 showing a much smaller retreat for a given increase in the atmospheric forcing. 161
Discussion 162
Our findings demonstrate that the timing and magnitude of tidewater glacier retreat along 163
Greenland's east coast can be effectively explained as a combined linear response to atmospheric 164 and oceanic conditions. Whilst variation in runoff alone can explain a large proportion of glacier retreat at individual glaciers (Figure 4 ), the sensitivity of this relationship is much stronger in 166 southeast Greenland where ocean waters are warmer (and continued to warm more rapidly over 167 the study period) compared to northeast Greenland (Figure 5a -b,f-g). It may thus be that contact 168 with warm ocean waters preconditions the southern glaciers to greater sensitivity to changes in 169 atmospheric temperature and hence runoff -if the ocean temperature is close to the in situ melting 170 point, this will limit the potential for submarine melting, irrespective of the vigour of runoff-driven 171 circulation. Whilst previous studies have hypothesised that regional differences in glacier stability in The efficacy of this approach is likely to be dependent on the timeframe in question. The influence 231 of topographic pinning points will be magnified on short timescales (~5 years or less), with this effect 232 reduced when retreat rates are averaged over longer timescales. Furthermore, the slow response 233 time of glaciers will modulate climatic signals by filtering out higher frequency variation -for 234 example, this may explain the muted response of the southern glaciers to the short-lived 235 cooling/warming over 2009-10 ( Figure 2-3) . At much longer timescales, glaciers will become less 236 sensitive to the ocean as they retreat into shallower water and onto dry land, while evolving ice 237 sheet mass balance and geometry will also likely impact upon the relationship between forcings and 238 terminus position. We therefore suggest that the relationship described in equation (1) We also note that the lack of improvement in the correlation between P and M2 (= Q 1/3 (TO-Tf)) 260 compared to M1 (= Q(TO-Tf)) is at odds with the dependency expected if retreat rate was a direct 261 function of submarine melt rate (Jenkins, 2011) . It may be that this theoretical relationship (which is 262 yet to be validated by field data) does not reflect the reality of the relationship between TO, Q and 263 submarine melting -for example, Slater et al (2016) report that the correct value for the exponent may be as high as ¾ under certain circumstances. Alternatively, the apparently simple relationship 265 between P and M1 may be the integrated result of not only submarine melting but also additional 266 factors including ice mélange / sea ice coverage (e.g. Christoffersen and hydrologically forced acceleration of ice motion (e.g. Sugiyama et al., 2011) . The stronger 268 correlations between P and Q rather than TA (Figures 4 and 5) indicate that catchment-wide melt, 269 and hence runoff, is of greater importance than local air temperatures at the terminus as a control 270 on retreat rate. While this suggests that processes driven by local surface melting (e.g. through 271 hydrofracture-driven calving) are of secondary importance, we cannot discount the possibility that 272 our results reflect a more complex mix of processes related to basal hydrology, glacier dynamics, 273 submarine melting and calving. Thus whilst our findings indicate that a combined ocean/atmosphere 274 forcing is a key control on the stability of even large, fast flowing tidewater glaciers, further research 275 is needed to identify and constrain the processes that link this forcing with frontal ablation and 276 glacier retreat. 277
Over a 20-year period, we have observed a significant correlation between variability in glacier 278 terminus position and a simple parameterisation that combines oceanic and atmospheric forcings at 279 10 tidewater glaciers along Greenland's east coast. Our results demonstrate that while increased 280 melting and runoff in response to atmospheric warming can explain much of the temporal variability 281 in glacier terminus position, the temperature of the adjacent ocean waters is also a strong 282 determinant of the absolute magnitude of retreat. We find that even at very large and fast flowing 283 
Study glaciers 293
Details of the 10 study glaciers are given in Table S1 . These glaciers represent a subset of the 32 294 glaciers documented by Seale et al (2011) , chosen to span a range of conditions along the east coast 295 of Greenland. Within each region, the largest outlet glaciers (with respect to ice velocity and terminus width; Table S1) were selected. In the far northeast of Greenland, the major outlet glaciers 297 drain into substantial floating ice tongues (e.g. Wilson et al., 2017) . Charting the retreat of these 298 glaciers (where changes in grounding line position rather than calving front position are likely of 299 primary importance) is not possible with the methods employed here, and so no glaciers were 300 selected in this region. 301
Air temperature 302
Mean summer air temperature (Figure 2a-b) , TA, is based on the May-September mean of monthly 303 temperatures from ERA-Interim global atmospheric reanalysis (Dee et al., 2011) . For each glacier, 304 temperatures are extracted from the reanalysis cell in which the terminus lies. To account for 305 differing mean topography between cells, these values are adjusted to give sea level temperature 306 assuming an atmospheric lapse rate of 0.0065 °C / m. 307
Runoff 308
Annual mean catchment runoff, Q, for each of the 10 glaciers (Figures 1 and 2c-d) is obtained from a 309 1 km surface melting, retention and runoff model forced with ERA-Interim and 20CR reanalyses 310 (Wilton et al., 2017) . Runoff due to basal melting is expected to be limited and is therefore not 311 considered. Meltwater is routed through glacial catchments using the hydraulic potential gradient 312 (Shreve, 1972 ) based on the ice surface and bed topography (Bamber et al., 2013) . Q is predicted to 313 be greatest at KG due to its large catchment area and more melt-favourable hypsometry relative to 314 HG and DJ, which have comparable catchment areas (Figures 1 and 2c-d) . 315
Ocean temperature 316
We seek to compare changes in glacier terminus position to a measure of ocean water temperature, 317
TO, in the fjords adjacent to the glaciers. Because there are few in situ hydrographic measurements 318 from fjords, and the fjords are not well resolved in ocean circulation models, we define TO = TR + c, 319
where TR is ocean temperature based on reanalysis values for the continental shelf and c is a 320 correction to account for temperature differences between the shelf and fjords. 321 TR is obtained from the GLORYS2V3 1/4° ocean reanalysis product (Ferry et al., 2012) . A decision 322 must be made as to where to sample these data for each glacier. Because cross-shelf troughs are 323 poorly mapped and not well resolved in the reanalysis, cells close to fjord mouths tend to be 324 unrealistically shallow (e.g. Fenty et al., 2016) and so the warmer, deeper waters (crucial to the fjord 325 heat budget) are not captured. Conversely, if the nearest cell of depth equal to that of the grounding 326 line is chosen, this can be hundreds of kilometres away from the fjord mouth on the shelf break, and 327 it is not clear that a pathway of such depth will exist between that cell and the glacier. As a 328 compromise, we opt for the nearest cell of depth > 400 m, which is deep enough to sample the 329 warmer Atlantic waters (AW) existing at depths greater than ~ 200 m whilst in many cases being 330 located on the shelf rather than beyond the shelf break (Figure 1) . For simplicity and consistency 331 between glaciers, we take TR as the annual mean temperature between 200-400 m (Figure 2e-f ). This 332 falls within the likely depth range of up-fjord currents (e.g. Cowton et al., 2016) , and allows key 333 inter-annual trends in AW temperature to be captured whilst reducing noise due to large seasonal 334 variations in shelf surface water temperatures which likely have limited influence on the glaciers 335 (Straneo and Heimbach, 2013) . 336
To obtain values for the correction term c, we test these time series of TR against available in situ we supplement these data with terminus positions delimited using Envisat imagery by Bevan et al 363 (2012) . 364
Because the glaciers typically undergo an annual cycle of advance and retreat, error will be 365 introduced into the mean annual position for glaciers and years where there are significant gaps in 366 the available coverage. We therefore adjust glacier lengths according to 367
where P is the adjusted mean annual terminus position, as based on Pmean, which is the mean of the 370 available data for each year. r is the typical annual range in terminus positions for each glacier, based 371 on the period 2010-2013 when continuous Landsat availability gives accurate near year-round 372 coverage (Table S4 ). Each data point is given a weighting μ based on the month within which it falls, 373 ranging linearly from 1 (October, when the termini are typically most retreated), to -1 (April, when 374 the termini are typically most advanced). The mean weighting for each year, μa, thus provides an 375 indication of the extent by which the available data points likely over or under estimate the true 376 mean annual terminus position. For example, the only two data points for 1995 at DJ fall in August 377 and September (when the glacier length will be close to its annual minimum). This gives μa = 0.5, and 378 P is thus increased by 0.25 x r (= 0.3 km) with respect to Pmean to better approximate the true annual 379 average terminus position. The difference between Pmean and P is shown in Figure 3 (being too small 380 to plot in Figure 2g -h) and is in most cases negligible. 381
Statistics 382
Statistical comparison of TA, Q, TO, M1 and M2 with P is undertaken at the level of mean annual 383 values. In Figure 5 (and Table S3 ) we consider data grouped from across the study glaciers, while in 384 Table S2 ) we relate individual glacier-specific time series of anomalies in TA, Q, 385
Figures 3 and 4 (and
TO, M1 and M2 to those in P. Because these individual time series are in general non-stationary, 386 classical linear regression may indicate a statistically significant correlation between variables in 387 instances where in fact no relationship exists (Granger and Newbold, 1974) . To reduce the risk of 388 incorrectly interpreting such spurious relationships, we test for cointegration of the time series 389 (Engle and Granger, 1987) , a technique that has proven valuable in examining the relationships 390 between non-stationary climate variables (e.g. Kaufmann and Stern, 2002 , Mills, 2009 , Beenstock et 391 al., 2012 . Cointegration occurs when a relationship between two or more non-stationary time series 392 produces residuals that are themselves stationary, indicating a functional relationship that remains 393 constant in time. A more thorough description of this approach, and its application in climate 394 science, is provided by Kaufman and Stern (2002) . We perform an Engle-Granger test for 395 cointegration on each of the combinations of forcing and response time series using the egcitest 396 function in Matlab R2016a (www.mathworks.com). Where linear regression indicates a significant 397 correlation but cointegration is not established (at p < 0.05), we recognise the increased risk that this 398 correlation may be spurious. All R 2 values given throughout the paper are significant at p < 0.05, with 399 the specific p value given in each case, and all statistical values provided in Tables S2-3 shown on all plots except (f) and (g), which are not significant at this level. Statistical values are given 463
in Table S3 . 464 
